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Abstract. Free Space Optics (FSO) is an emerging solution for the last mile broad band 
connectivity where deployment of fiber is expensive. This wireless technology has 
attracted the researchers due to the ease of erecting along the windows and terrace and the 
abundant bandwidth available in the unlicensed band. Combining OFDM with FSO gives 
a hybrid technique – OFDM based FSO or FSO-OFDM in which OFDM symbol 
modulates the light that passes through free space. Various predictable and unpredictable 
phenomena cause variation in the light that causes the fading effect of the received signal. 
Besides the atmospheric effect, the signal power varies within the symbol. The link 
availability has been calculated by setting threshold power at the receiver. The simulation 
of the OFDM based FSO system under three climatic conditions namely summer, winter 
and rainy has been observed that shows the link availability is 99.3% for summer, 98.32% 
for winter and 98.99% for rainy condition. Under worst climatic condition link availability 
is 98.17%. Thus FSO- OFDM is able to provide better connectivity even under any 
atmospheric condition. 
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1. Introduction 
 
Free Space Optics (FSO) is also called Wireless Optics (WO) uses the unlicensed band of frequency to 
transmit the data over a short distance. Increase in the demand of high bandwidth for next generation 
access network. Due to the ease of installation along the window, terrace etc. it is preferred for last mile 
access technology [1]. Using near red to infrared lasers, high bandwidth data can be transmitted using point 
to point terrestrial short span link. It has the advantage of less Electromagnetic Magnetic interference, high 
bandwidth available, low power usage and simple receiver design [2]. But at the same time the link 
availability depends on the climatic condition [3–5]. This technology is protocol independent that can 
provide full duplex data transmission. One of the important requirements for a FSO link establishment is 
the clear Line Of Sight (LOS) and proper alignment of the transmitter and the receiver and the receiver 
design [6]. 
FSO can be used for satellite uplink /downlink, terrestrial link (short/long distance), intersatellite 
communication and deep space probing. The FSO link and its LOS connectivity are affected greatly by the 
atmospheric condition. Large transmitter power is required to overcome the fading effect of the FSO 
environment which cannot be increased beyond eye safety limit [7]. When fade margin is quite high, the 
link is unavailable and the transmission is interrupted. Meteorological effects like fog, rain, mist, haze, 
scintillation etc. cause the light intensity to fluctuate [8, 9]. Attenuation of the optical signal in free space 
may also be caused by atmospheric phenomena like absorption and scattering. Thus the rate of occurrence 
of such adverse climatic condition limits the availability of the FSO link. 
OFDM being a parallel transmission system widely used to overcome the effect of multipath 
propagation in wireless applications. OFDM is combined with FSO to provide hybrid technology that can 
take the advantage of both OFDM and the FSO systems. While combining the two techniques, compatible 
system parameters have to be chosen. In the previous work it was suggested to use BPSK baseband 
modulation and the weak turbulent atmospheric condition that was modeled by lognormal distribution [10–
12]. In continuation of the above work, the strong turbulent atmospheric condition is modeled by gamma-
gamma distribution [13].  
The power level of the OFDM signal varies from symbol to symbol, so the link margin under varying 
power level is calculated for different climatic condition. The performance of FSO in temperate climatic 
condition is done extensively by many researchers [14–16]. Under tropical condition, little work has been 
carried out so far. Indian climate being tropical, in this paper it is considered for simulation. Section 2 deals 
with the various climatic conditions and the associated formulae to represent these conditions. Simulation 
outputs consist of link margin for different power levels, link distance and the link availability under various 
climatic conditions are provided in section 3. The detail of link availability is discussed in section 4 and 
section 5 gives the conclusion of the study. 
 
2. FSO-OFDM System 
 
The hybrid technique FSO-OFDM system consists of generating OFDM in the baseband domain which is 
used to modulate the optical source. Thus the RF signal is converted into light that is subjected to varying 
climatic conditions. The complex OFDM signal is given as [18]  
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where T is the symbol duration, ak is the data bits, and w (.) is the rectangular window function [17]. 
The OFDM signal with N subcarriers modulates the intensity of laser diode and it is considered to be 
linear. The optical power form the diode is represented as [18] 
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where Pt is the average transmitted optical power, mn is the Optical Modulation Index (OMI) for each 
subcarrier and the total OMI is given as [18] 
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For an FSO link, the field at any point of time can be written as product of free space attenuation and 
stochastic amplitude to describe the field variation. The free space attenuations are categorized as 
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predictable and unpredictable attenuation. Geometric and molecular attenuation are the predictable 
attenuations whereas rain attenuation, snow attenuation, atmospheric attenuation, haze attenuation and 
scintillation attenuation are unpredictable attenuations. All these factors are summarized as power link 
margin that gives the minimum power to maintain the link or connectivity. When the transmitted power 
after being attenuated by all attenuating factors considered here, reaches the receiver must be detectable 
hen link power exceeds the link margin and it is known as link availability. The power link margin Mlink is 
given as: 
 ( ) ( ) ( ) ( )Link o rM dB P dBm S dBm Loss dB    (4) 
 ( ) ( ) ( ) ( ) ( )geo atm rain scin snowLoss Att dB Att dB Att dB Att dB Att dB      (5) 
where  
Po is total power from the source 
rS   is sensitivity of the receiver  
geoAtt  is geometric attenuation  
atmAtt  is atmospheric attenuation  
rainAtt  is rain attenuation  
scinAtt   is scintillation attenuation and  snowAtt   is snow attenuation. 
 
3. System Attenuation Parameters 
 
FSO system used for outdoor terrestrial link is affected by both predictable and unpredictable attenuations. 
The atmosphere is a heterogeneous mixture of different molecules and suspended particles of varying size. 
Besides this the climatic conditions plays a vital role in the composition of the atmosphere. 
 
3.1. Geometric Attenuation 
 
This is a predictable attenuation that is fixed for the selected FSO system under study, since it is dependent 
on the geometry of the transmitter and receiver used in the system. When the light beam propagates, it 
diverges along the path of travel and hence not all the light emitted from the surface of emitter reaches the 
receiver. So the loss in the signal is represented by [19]: 
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where   is beam divergence, L is the distance between the transmitter and the receiver,          is the 
capture area of the receiver and    is spot surface at a distance L. 
 
3.2. Molecular Attenuation 
 
It is also a predictable attenuation that is a function of operating wavelength. But the values observed for 
this attenuation is very low, of the order of 0.01 dB and 0.13 dB for short wavelength 550 m and longer 
wavelength 1550 m respectively. Hence it has negligible contribution to the total loss for the FSO- 
OFDM system under study. 
 
3.3. Atmospheric Attenuation 
 
This is an unpredictable attenuation caused by the absorption and scattering of light by the gas molecules 
and aerosol present in the atmosphere. With proper choice of wavelength, the absorption can be reduced. 
But scattering cannot be avoided and Mie scattering predominantly causes atmospheric attenuation [20], 
[21]. The atmospheric attenuation coefficient due to scattering is expressed as: 
 Le   (7) 
where  is the specific attenuation coefficient per unit of length. The value of  is obtained from the 
following relation [22]: 
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where 
v is the visibility (km); 
 - is the wavelength (nm); 
q- is the size distribution of diffusing particles. 
The value of q is related to the visibility and is expressed as [23]  
 
1.6                  for 50 km 
1.3                  for 6 km  50 km
( ) 0.16 0.34    for 1 km  6 km
0.5             for 0.5 km   1 km
0                     for 0.5 km
v
v
q v v v
v v
v

  

   
   


 (9) 
 
3.4. Rain Attenuation  
 
Tropical region is characterized by moisture and are subjected to heavy rainfall over a period of time in a 
year. The tropical rain causes major impairment to the FSO link availability. The attenuation of the rain is 
independent of the wavelength. It is a function of precipitation intensity R (mm/ hr) and is given as [24]: 
 
 2/31.076rainAtt R   (10) 
 
3.5. Snow Attenuation 
 
Attenuation due to snow is also a function of wavelength (nm) and snow intensity S (mm / hr). Based on 
the altitude of the snowfall, attenuation can be classified as wet snow (altitude less than 500 m) and dry 
snow (altitude greater than 500 m). The specific attenuation due to snow rate S is given as [25, 26]. 
 
 b
snow aS    (11) 
 
where a and b are defined for the two types of snow as  
41.023 10 3.7855466a     and b=0.72, for wet snow; 
55.42 10 5.4958776a     and b= 1.38, for dry snow. 
 
Hence the attenuation for the two condition is obtained by substituting the ‘a’ and ’b’ values in   Eq.( 11) 
and given as 
 0.72(0.000123 3.7855466)snowAtt S     (dB/km), wet snow 
 1.38(0.00000542 5.4958776)snowAtt S     (dB/km), dry snow (12) 
 
3.6. Scintillation 
 
Scintillation is the temporal and spatial variations of light intensity due to the atmospheric turbulence. 
Atmospheric turbulence occurs during hot summer condition, when the sun heats up the surrounding air 
that causes the air packet to move in turbulent manner. Some of the air packets behave like lens and may 
focus or defocus the light passing through it. The magnitude of scintillation is determined by the Rytov 
theory [24]. It defines the scintillation index as 
 2 7/6 2 11/61.23scin nk C L   (13) 
where 
2
nC  is refractive index structure parameter (m-2/3) and its value depends on the extent of turbulence 
in the atmosphere given as 
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Attenuation due to scintillation can be calculated as  
  210log 1scin scin    (15) 
 
4. Link Availability 
 
A correct operation of the system is expected only if the link power margin calculated from the expression 
(1) is sufficient that can overcome the attenuation due to different factors and the receiver sensitivity is 
sufficient to detect the minimum power from the link and so the link is said to be available. In a link, the 
period of unavailable begins with the start of 10 consecutive Severely Errored Seconds (SES) [27]. A new 
period of available time begins at the onset of 10 consecutive non-SESs. The Severely Errored Second is a 
one-second period whose Bit Error Rate (BER) exceeds a given value. The Errored Second (ES) is a one-
second period with one or more errors [27]. The total unavailability time tun is the sum of partial time 
intervals when the link is not accessible during the observation period t. Consequently the percentage of 
link unavailability is given as [5] 
 .100unun
total
t
P
t
  (16) 
The power level of the OFDM varies and during some of the OFDM symbol duration, it is possible 
that power may fall below threshold limit and link may be unavailable. For the FSO-OFDM system, the 
proper selection of threshold must be done to find the link availability. The threshold is assumed as 
 min( ) / 2th avgP P P   (17) 
where  
Pth is the threshold power; 
Pavg is the average power; and 
Pmin is the minimum power of the OFDM symbol. 
 
The link is said to be available if OFDM symbol power is greater than the threshold.  
 
5. Results and Discussion 
 
The FSO- OFDM system is simulated in MATLAB. The OFDM symbols are generated based on the 
IEEE 802.11 standard. 106 random information bits are considered for one transmission. They are 
superimposed on the 52 subcarriers that are PSK based band modulated and then 64 point IFFT is taken. 
Atmospheric condition is considered to be worst with all the factors affecting the OFDM signal. The 
OFDM signal amplitude swings over Pmax to Pmin which causes the power transmitted to fluctuate over a 
range of values as shown in Fig. 1. 
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Fig. 1. OFDM symbol power variation. 
 
For the purpose of simulation, the 1 Mbps data rate is considered. For the given number of OFDM 
symbols, peak power, minimum power and average power is obtained and a threshold limit is set. The other 
parameters used for simulation is given in Table 1. 
 
Table 1. Simulation parameter. 
Symbol Description Value 
L Distance between the transmitter and the receiver 1000m 
Sr Receiver sensitivity -45dBm 
 Beam Divergence 3 m rad 
 Wavelength 850 nm 
v Visibility 1000m 
R Rain precipitation (Worst case) 150 mm / hr 
S Haze precipitation (Worst case) 20 
n Number of bits in one transmission 106 
N N-point FFT 64 
n_sc Number of Subcarriers 52 
T Symbol duration 3.2 (μs) 
CP Cyclic Prefix duration 0.8 (μs) 
 
Using the above parameters, the OFDM symbols are generated and its power variation along with the 
variation in link margin under worst condition is shown in Fig. 2. The worst condition includes the 
combined effect of rain, snow, scintillation, geometric and atmospheric attenuation. It is observed that the 
base band OFDM symbol power varies from to -13.25 dBm to -9.25 dBm. Over the variation of the input 
power, the link margin is obtained in the range of -73.25 dB to -77.25 dB. Since there is a linear relationship 
between the input power and the link margin, as the power level increases, the link margin also increases 
proportionately.  
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Fig. 2. Link margin variation with OFDM symbol power. 
 
Driving circuit for laser that is modulated by OFDM signal has to be chosen such a way that the 
emitted power should be greater than the maximum link margin. The atmospheric condition is random in 
nature. But at the same time, it depends on the geographic location that determines the climate of the 
region. As discussed above, all the attenuation effects are not present in the atmosphere simultaneously. 
India is located in the tropical region that is characterized by the four different climates in a year viz. 
summer, winter, rain and spring. The spring season has moderate climate, hence the link availability is 
studied for the three different climatic conditions which is considered here. 
 
Climate 1: Hot Summer Condition 
 
During hot summer condition, the air packets heats up that produces lens like effect causing the 
focusing and defocusing of light passing through it. Under this climatic condition, the scintillation 
attenuation is prominent than the other attenuation effect. There is very meagre chance of rain and no 
chance of snow in this consideration. Hence only one unpredictable attenuation loss is considered. Fig. 3(a) 
and 3(b) shows the variation of link margin with link length and the wavelength. It is observed from Fig. 
3(a) that as link length increases the link margin decreases It is seen that as link length increases the link 
margin decreases from -17 dB to -55 dB, -15 dB to -53 dB and -14 dB to -50.5 dB for minimum, average 
and maximum symbol power respectively.  At all transmitted power level the range of link margin variation 
is maintained. It is due to the linear relation between the link margin and the link length. 
 
 
(a) 
 
(b) 
Fig. 3. Hot summer climatic condition: (a) Link Margin vs. Link Length; (b) Link Margin vs. Wavelength. 
 
Figure 3(b) shows the variation of link margin for different wavelength in the range of 850 nm to 1550 
nm. Again the variation of the link margin is obtained for three different power level used in Fig. 3(a). It is 
observed that as wavelength increases, the link margin also increases. But this increase in link margin is over 
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a small range only. It varies 20 dB to 22 dB for maximum power from the OFDM symbol for the range of 
wavelength considered in the simulation. The variation in the link margin over the same wavelength is in 
the range of 18 dB to 20 dB for average power of the OFDM symbol while it is in the range of 16 dB to18  
dB for minimum power of the OFDM symbol.  
 
Climate 2: Winter Condition 
 
The winter climate is characterized by the presence of fog, haze and mist. The amount of scattering 
particle is given in terms of haze precipitation intensity ‘S’. For winter climatic condition, S is considered to 
be 20. Figure 4(a) and (b) show the variation of link margin with link length and the wavelength. 
 
 
(a) 
 
(b) 
Fig. 4. Winter condition: (a) Link Margin vs. Link Length; (b) Link Margin vs. Wavelength. 
 
For small link length, the link margin is high. But as the distance between the transmitter and the 
receiver increases, the link margin decreases as shown in Fig. 4(a). The drop in link margin is very steep 
from 1km to 2 km, after that it decreases very gradually. From the Fig. 4(b), it is observed that link margin 
decreases as wavelength increases. But the variation is over a small range of the order of 0.5dB. It is due to 
the fact that, the haze precipitation is not dependent on wavelength but the wavelength affects the snow 
attenuation by a factor of 0.0001023. Only atmospheric attenuation and scintillation varies with wavelength 
and hence the variation in the link margin is about 0.5 dB. 
 
Climate 3: Rainy Condition 
 
Tropical climate is characterized by heavy rainfall. In India only during certain part of the year, rainfall 
occurs. Hence the link availability will be affected during such duration. Fig. 5(a) and (b) shows the 
variation of link margin with link length and the wavelength. As in the case of summer condition, the link 
margin decreases with link length and it is shown in Fig. 5(a). The decrease is steep between1 km to 2 km 
and then it decreases gradually. After 3 km, the link margin is very low of the order of-50 dB.  As shown in 
Fig. 5(b) the link margin varies over very small range, since the rain precipitation does not depend on the 
wavelength. 
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(a) 
 
(b) 
Fig. 5. Rainy condition: (a) Link Margin vs. Link Length; (b) Link Margin vs. Wavelength. 
 
The link availability is obtained by comparing the OFDM symbol power with the threshold power 
given by (16) for three different climatic condition and for the worst condition. As shown in Table 2, the 
link availability is highest during summer. It is due to the fact that the attenuation loss due to scintillation is 
very small compared to rain and snow. The link is unavailable for 2% of the total transmission duration 
under worst condition.  
 
Table 2. Link availability for different climatic condition. 
Climatic Condition Min. Power (dBm) Average power (dBm) Link Availability (%) 
Worst Condition -13.05 -10.89 98.17 
Summer -13.45 -10.995 99.3 
Winter -13.12 -10.9962 98.32 
Rain -13.3 -10.9985 98.99 
 
6. Conclusion 
 
In this paper the link margin and link availability for the OFDM based FSO system under different climatic 
condition is studied. A transmission rate of 1 Mbps is considered for simulation purpose. For a given 
transmitter and receiver specification, under the combined influence of rain, snow, geometric, atmospheric 
and scintillation attenuation, the link availability is 98.17 %. It shows that the link is unavailable over a very 
short duration throughout the year. Link length of 1 km is considered for the various climatic condition of 
India. Comparing the three climates, during hot summer, the scintillation attenuation is very small and 
hence the link availability is almost 99.9% as compared to winter and rain. On varying the wavelength of 
the transmission, it is observed that the link margin variation is very less during rain and winter condition 
since the two attenuations does not depend on wavelength. %. From the OFDM based FSO simulation, it 
is observed that OFDM symbol power varies between 0.1mW to 0.2 mW. This is equivalent to -10 dBm to 
-7 dBm. Thus even when the OFDM symbol power varies around the average power of the symbol, the 
link availability is as high as 99.3. 
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